An 8-week feeding trial was conducted to investigate the responses of juvenile white sturgeon (Acipenser transmontanus) to elevated dietary selenium (Se) based on the determination of the RNA/DNA ratio in muscle, heat shock protein 70 (Hsp70), and caspase-3/7 in muscle and/or liver tissues. Four semi-purified test diets were prepared by adding different levels of L-selenomethionine (0, 50, 100, and 200 mg/kg diet). The analytical determinations of total Se were 2.2, 19.7, 40.1, and 77.7 mg/kg diet. The sturgeon (initial body weight: 30 ± 2 g; mean ± SEM) were raised in indoor tanks provided with flow through freshwater (18e19 C). There were three replicates for each dietary treatment with 25 fish per replicate. The liver and muscle tissues were collected at 4 and 8 weeks after feeding the test diets. A significant interaction between duration and levels of dietary Se exposures on RNA/DNA ratio in the muscle tissue was detected (P < 0.05). Although there was no significant main effect due to the duration of dietary Se exposures (i.e., 4 weeks versus 8 weeks) on muscle RNA/DNA ratio (P ! 0.05), the ratio was significantly decreased with increasing dietary Se levels. Significant main effects were caused by the duration and levels of dietary Se exposures on Hsp70 in both the muscle and liver tissues, with significant increases in Hsp70 due to a longer exposure (8 weeks) and higher levels (40.1 and 77.7 mg Se/kg diet) of dietary Se. The caspase-3/7 activity in the liver were significantly higher in fish fed the diets containing 40.1 and 77.7 mg Se/kg diet than those fed the other diets. The toxic thresholds of Se in the muscle were estimated to be 32.2 and 26.6 mg Se/kg for the depressed specific growth rate and the induced Hsp70 response in muscle, respectively. This result indicated that the Hsp70 response in muscle is a more sensitive biomarker than the SGR of sturgeon for evaluating Se toxicity in white sturgeon. Results of the current study suggest that a mechanism involved with the activation of stress protein production and apoptosis protects white sturgeon from the lethal effect of Se.
Introduction
Selenium (Se) is an essential nutrient and also a toxic trace element to all vertebrates, including fish, with a narrow margin between dietary essentiality and toxicity (Maier and Knight, 1994; Hamilton, 2004) . At normal dietary levels, Se is a component of glutathione peroxidase, which protects membranes and tissues against oxidative stress (NRC, 2011) . At higher exposure levels, Se can induce oxidative damage or substitute sulfur during protein synthesis to form Se-contained protein analogs that change the structures or functions of normal proteins (Lemly, 1997; Spallholz and Hoffman, 2002) .
Heat shock protein 70 (Hsp70) is the most conserved protein in the stress protein family and it is proposed as an specific indicator or biomarker of cellular stress (Stregeman et al., 1992; Sanders, 1993; Basu et al., 2002) . Functioning as a molecular chaperon, Hsp70 plays a very important role in stabilizing cellular proteins to maintain cell integrity under stressful conditions, including the fluctuation of temperature, exposure to heavy metals, handling stress, and alternation of feeding (Cara et al., 2005; Yengkokpam et al., 2008; Deng et al., 2009; Han et al., 2012; Wang et al., 2013; Zheng et al., 2015) .
Apoptosis, a biological process of programmed cell death, is a tightly regulated mechanism to remove unwanted cells or damaged cells of an organism. It is mediated by a series of caspases, which are traditionally categorized into initiator caspases and effector caspases (Hengarther, 2000) . Activation of caspase-3/7, which is primary effectors of apoptosis, will lead to irreversible commitment of a cell to apoptosis. Therefore, caspase-3/7 is considered a reliable marker for cells undergoing apoptosis. Although there is still very limited information available for understanding the protection mechanism for fish from Se toxicity, the influence of dietary Se on stress protein induction and apoptosis activation have been demonstrated in different research models, including myelodysplasia cell line (Gonçalves et al., 2013) , isolated hepatocyte of rainbow trout (Oncorhynchus mykiss, Misra and Niyogi, 2009; Misra et al., 2012) , and whole animals Bansal, 2007, 2009; Hu et al., 2016) .
White sturgeon is an aquaculture species in California with exceptional biological, commercial, and ecological value (Moyle, 2002) . Listed as a species of concern, this ancient ray-finned fish is indigenous to the Pacific West Coast of North America (Moyle, 2002; NMFS, 2006) . High concentrations of Se have been detected in their tissues with 30 and 15 mg Se/kg dry weight in liver and muscle tissues, respectively (Linville et al., 2002) . These Se concentrations are well above the liver (12 mg Se/kg dry weight) and muscle (8 mg Se/kg dry weight) thresholds shown to cause toxic effects in freshwater and anadromous fish (Lemly, 2002) . Recent studies also suggest that juvenile white sturgeon seem to be less sensitive to Se toxicity than other species of fish. For example, a toxic threshold that inhibited the growth of juvenile white sturgeon was 10e20 mg Se/kg diet, and whole body concentration was up to 34.4 mg Se/kg without any mortality (Tashjian et al., 2006) . These threshold concentrations are much higher than most proposed dietary threshold levels (3e5 mg Se/kg diet; Lemly, 2002; Hamilton, 2004) , and the whole body concentration threshold for mortality of other species of fishes (4.3e5.4 mg Se/kg, Hamilton et al., 1990; Cleveland et al., 1993) . Furthermore, no mortality was observed in juvenile white sturgeon with a whole body concentration up to 47 mg Se/kg, but a lower concentration (27.8 mg Se/kg whole body) has caused a significant mortality in juvenile green sturgeon (Acipenser medirostris) (De Riu et al., 2014) . A lower effective concentration has been determined for other species of fish, such as 5 mg Se/kg for rainbow trout (Salmo gairdneri, Hilton et al., 1980) , 7.9 mg Se/kg for bluegill (Lepomis macrochirus, Lemly, 1993) and 5.4e6.1 mg Se/kg for razorback sucker (Xyrauchen texanus; Hamilton, 2001a Hamilton, , 2001b .
With the highly toxic thresholds of Se observed in white sturgeon, we hypothesize that this fish may have a better capacity to combat against Se toxicity. However, the mechanism for this to occur is yet to be understood. In the current study, we assume that the high tolerance of juvenile white sturgeon to Se toxicity may be partially related to their active protective mechanisms involved with stress protein production and apoptosis activity. Therefore, the objective of the current study was to determine the chronic effects of excess levels of dietary Se on the responses of Hsp70 levels and caspases-3/7 activities in juvenile white sturgeon.
Materials and methods

Experimental diets
Four semi-purified test diets (Table 1) were formulated by adding different concentrations of L-selenomethionine (SeMet, Fisher Scientific, Pittsburgh, PA, USA; >99% purity). Dietary SeMet (0, 50, 100, and 200 mg/kg diet) were dissolved in distilled water before they were added to the semi-purified test diets. The total Se (molecular mass, 78.96) in SeMet is 40.26% of SeMet (molecular mass, 196.1). The final Se concentration in each diet was analyzed using the method described by Huang et al. (2012) and they were 2.2 ± 0.2, 19.7 ± 0.6, 40.1 ± 1.5, and 77.7 ± 3.6 mg Se/kg for the 0, 50, 100, and 200 mg/kg diets, respectively. The analyzed Se concentrations in the diets were expressed as total Se levels, and the recovery rates of total Se in all the diets were greater than 88%. Proximate composition of the diets analyzed following the methods of AOAC (2000) was (% as fed) : moisture, 8.0; protein, 42.8; lipid, 12.6; ash, 3.3 , and gross energy 501.2 kcal/100 g diet.
Fish maintenance
Juvenile white sturgeon (initial body weight of 30 ± 2 g; mean ± SEM) obtained from a local sturgeon farm (Sacramento, CA, USA) were randomly distributed into twelve 90-L circular fiberglass tanks, resulting in 25 fish per tank and 3 replicate tanks per treatment. The fish were conditioned to the semi-purified test diet without supplementation of SeMet for one week before they were fed the test diets. The protocols regarding fish maintenance and sample collection had been described by De Riu et al. (2014) . Fish were batch weighed weekly, and feed rations were adjusted to 3.0% body weight per day (BW/d) for the first four weeks and 2.0% BW/d for the second four weeks. Feeding was managed using automatic feeders (Cui et al., 1997) , and each tank was supplied with flow-through aerated well water (3 L/min). Water temperature, pH, and dissolved oxygen were measured daily and pH was monitored once a week during the feeding trial and they were 18e19 C, 7e8, and 7e9 mg/L, respectively. The feeding trial followed a protocol approved by the Campus Animal Care and Use Committee at the University of California, Davis, USA.
Sample collection and analysis
White sturgeon juveniles were deprived of feed for 24 h prior to sampling. At the end of 4 and 8 weeks of exposure, three fish were randomly removed from each tank and euthanized in a tricaine (50), para-amino benzoic acid (30), butylylated hydroxyanisole (9), menadione sodium bisulfite (0.125), vitamin A acetate (500,000 units/g) (0.8), vitamin D (400,000 units/g) (0.6), vitamin E acetate (250 units/g) (48). 3 Bernhart and Tomarelli modified (BTM) mineral premix composition was prepared as described (Bernhart and Tomarelli, 1966) .
methanesulfonate solution (0.5 g/L, Argent Chemical Laboratories, Redmount, WA, USA). The liver and white muscle tissues (a cubical section 2 cm in length at the midpoint of the body) of each fish were dissected, and the resultant samples were pooled for each tank. The tissue samples were rinsed in double-distilled water before they were frozen in liquid nitrogen and stored at À80 C until ready for use. The frozen tissue was ground via a mortar and pestle, which was maintained in a cold condition with liquid nitrogen, and the homogeneous powder was subsampled for the subsequent analyses.
2.3.1. Determination of the RNA/DNA ratio in the muscle Nucleic acids in the white muscle tissue were measured following the method described by Caldarone et al. (2001) . In brief, muscle powder was vortexed with 1% sarcosil TriseEDTA buffer, followed by dilution with TriseEDTA buffer to separate dissociated proteins from the nucleic acids. Fluorophore ethidium bromide was used to measure the total nucleic acids and RNase was then added to differentiate RNA from DNA. Standard curves for DNA and RNA were established from using ultrapure calf thymus DNA and 18S-rRNA. All of the chemicals were purchased from SigmaeAldrich (St. Louis, MO, USA), except for the ethidium bromide, which was obtained from Fisher Scientific (Pittsburgh, PA, USA). The fluorescence activity was read at an excitation wavelength of 525 nm and an emission wavelength of 600 nm in a Spectra Max M2 micro plate reader (Molecular Devices Corporation, Sunnyvale, CA, USA).
Measurement of Hsp70 in muscle and liver tissues
Responses of Hsp70 in the muscle and liver tissues were measured by Western blotting following the method described by Deng et al. (2009) . Briefly, 25 mg of protein of the tissue samples and Hsp70 standard (4 mg) (SPP-758; Assay Designs Inc., Ann Arbor, MI, USA) were loaded into a gel and run by one-dimensional SDS-PAGE. The separated proteins were then electroblotted onto a membrane (Millipore, Bedford, MA, USA). The membrane was incubated with the primary polyclonal Hsp70 antibody (Assay Designs Inc.) and then with the secondary antibody of peroxidase labeled anti-rabbit IgG (Amersham Biosciences, Piscataway, Pittsburgh, PA, USA). The antibody was detected using enhanced chemiluminescence reagents (Amersham Biosciences) and the membrane was exposed to hyperfilm (Amersham Biosciences). The band density on each film was quantified using a GS-710 calibrated imaging densitometer (Bio-Rad, Hercules, CA, USA). The relative band density was calculated by comparing the band density of each sample with the Hsp70 standard on the same film.
Determination of caspase-3/7 in the liver tissue
Caspase-3/7 activities in the liver tissues were determined using an Apo-ONE homogeneous Caspase-3/7 Assay kit (Promega Corporation, Madison, WI, USA) following the description by Deng et al. (2010) . Frozen liver powder was homogenized in ice-cold T-PER tissue protein extraction reagent (Pierce, Rockford, IL, USA) containing a complete protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN, USA) and phenylmethylsulfonyl fluoride (1.0 mmol/L, SigmaeAldrich Corporate, St. Louis, MO, USA). The homogenate was centrifuged (14,000 Â g at 4 C) for 10 min, and the separated supernatant was used to determine the protein concentration by an improved Lowry method (Bio-Rad, DC Protein Assay kit, Hercules, CA, USA). Fluorescence activity was determined at an excitation wavelength of 485 nm and an emission wavelength of 530 nm on a Spectra Max M2 micro plate reader (Molecular Devices Corporation, Sunnyvale, CA, USA). The amount of fluorescent product generated was proportional to the amount of caspase-3/7 cleavage activity presented in the test sample. The caspase activity was expressed as a fluorescent reading per mg tissue protein per min.
Statistical analysis
All data were presented as the mean ± SEM (n ¼ 3). The data were square-root or log transformed and checked for violations of the assumptions for the analysis of variance (ANOVA). The data were subjected to a two-way ANOVA to determine if there were significant effects by feeding duration (weeks) and dietary Se concentration or their interactions. When the ANOVA results were significant (P < 0.05), differences among the means were determined by the Fisher LSD test. The data analyses were conducted using Statistica software (Version 9, StatSoft, Tulsa, OK, USA).
The samples collected for the current study were generated from the same feeding trial, which was published by De Riu et al. (2014) . We used the data of specific growth rate (SGR; %/d) and muscle Se concentration published by De Riu et al. (2014) to run regression analyses with the parameters measured in the current study. Datasets were fitted to a model using a nonlinear least-squares (NLS) function from the standard library of R (R Core Team, 2015) . The model describes a single breakpoint, which is the intersection of a straight line and another straight line with a positive or negative slope. The breakpoint represents a threshold level of Se in the muscle tissue. The model is written as
where (x À b 2 ) is defined as zero at values of x < b 2 , and (b 2 À x) is defined as zero when x ! b 2 . The b 0 , b 1 , b 2 and b 3 were defined as the asymptote of the first segment, slope of the first segment, breakpoint (¼ a threshold level), and the slope of the second segment, respectively. More detailed information about the model can be found in Lee et al. (2014) .
Results
A significant interaction between duration and levels of dietary Se exposures on RNA/DNA ratio in muscle tissue was detected (P < 0.05; Table 2 ). Although there was no significant main effect (P ! 0.05) on the muscle RNA/DNA ratio due to Se exposure duration (4 weeks versus 8 weeks), the levels of dietary Se significantly decreased the ratio in fish fed the diets containing 40.1 and 77.7 mg Se/kg diet.
Significant main effects were detected on the Hsp70 response in both the muscle and liver tissues due to the exposure duration and dietary Se levels (Table 2 ). An 8 weeks of exposure induced significantly higher Hsp70 than did a 4 weeks of exposure. The responses of Hsp70 in both tissues were significantly induced in fish fed the diets containing !40.1 mg Se/kg compared with those fed 2.2 mg Se/kg diet, but were similar in the fish fed diets containing 19.7 and 40.1 mg Se/kg.
There was a significant main effect of dietary Se levels on caspase-3/7 activity in the liver ( Table 2 ). The activities were significantly higher in sturgeon fed the diets with !40.1 mg Se/kg than those fed the diets with 19.7 mg Se/kg. The overall activity of caspase-3/7 tended to be higher at 4 than 8 weeks, but the difference was not statistically significant.
Based on a nonlinear least-squares analysis on the datasets of SGR and muscle Hsp70 at the end of 4-week's feeding, the responses of SGR and Hsp70 in response to the muscle Se concentrations were fitted to a two-slope straight broken-line regression model and a linear regression model, respectively [ Fig. 1 
A two-slope straight broken-line regression model (Fig. 2) was found to be the best model to describe the correlation between the muscle Se concentrations and the responses of SGR and muscle Hsp70 at the end of the 8-week feeding: Table 2 The RNA/DNA ratio, heat shock protein 70 (Hsp70) and caspase-3/7 in muscle and/or liver of juvenile white sturgeon, measured at the end of 4-or 8-week feeding with different levels of dietary selenium (Se) in the form of L-selenomethionine. A toxic threshold level based on the 8-week feeding was determined to be 32.2 and 26.6 mg Se/kg dry muscle for the depressed SGR and the induction of Hsp70, respectively (Fig. 2) .
Discussion
The results of the current study suggest that part of the reasons for the depressed growth of sturgeon presented by De Riu et al. (2014) fed the high doses of dietary Se is due to the adverse effect of Se on the protein synthesis measured by the RNA/DNA ratio in muscle tissue. It is also probably that extra energy might be required for the protection of sturgeon from Se toxicity by activation of stress protein production and apoptosis activities (i.e., physiological trade-offs) and thus less energy were used for their growth.
The ratio of RNA/DNA has been used to estimate the recent growth or nutritional condition of larval or juvenile fishes (Tanaka et al., 2008; Deng et al., 2010; Han et al., 2012) . The application of this biomarker is based on the rationale that the quantity of DNA in a cell is normally stable but the quantity of RNA related to protein synthesis varies under different conditions. Thus, a decrease in the RNA/DNA ratio in the current study indicates that protein synthesis was decreased in the muscle of sturgeon fed a diet with excessive Se. However, there was no significant difference in the protein contents of whole fish collected from the same dietary Se-exposure trial (De Riu et al., 2014) . This may be due to the different types of tissue (whole body versus muscle) and different measurements (crude protein and RNA/DNA ratio) used between the two studies. First, the crude protein content was measured based on the total nitrogen level, which is multiplied by a factor of 6.25. Thus, the result of the crude protein levels may not necessarily represent a true protein content of the fish if the sample contains other nitrogenous compounds, such as ammonia, urea, and nucleic acids. Second, muscle is a tissue primarily containing protein besides moisture and lipid, a major reservoir for protein storage in fish. Selenomethionine, which can substitute methionine during protein synthesis, will mainly end up in muscle tissue. Therefore, protein synthesis in muscles would be more responsive to dietary Se. Instead of measuring whole-fish protein content, an index for protein synthesis or protein content per se in the muscle tissue would be more reliable as a biomarker for evaluating the effect of dietary Se toxicity.
Selenomethionine could cause protein malformation during protein synthesis or induce the production of reactive oxygen species, which can result in cell damage as found in fish or isolated hepatocytes of rainbow trout (Hoffman, 2002; Misra et al., 2012) . Thus, the expression of Hsp70 may play critical roles in repairing denatured protein or maintaining the integrity of cells stressed by an overdose of Se. This is supported by the up-regulation of Hsp70 in response to increasing dietary Se in the current study. The regulation was shown to be correlated differently with exposure duration and dietary Se levels. The Hsp70 response in the muscle of sturgeon was shown to be very sensitive to the different Se concentrations during the earlier exposure (4 weeks) because the response was linearly correlated with the Se concentration in the muscle tissue of sturgeon. With the Se exposure being extended to the end of 8-week feeding, the Hsp70 inductions became less responsive to the muscle Se concentrations when the muscle Se concentrations were <26.6 mg/kg. This result indicated that there might be an adaptive mechanism developed in the sturgeon to protect them from Se toxicity when the Se accumulation in muscle is relatively low. When Se accumulations in the muscle reached the levels of !26.6 mg/kg, Hsp70 was significantly stimulated, suggesting an active protection by Hsp70 was involved and Se burden in the muscle tissues did not overwhelm the capacity of Hsp70 protection. However, the production and functioning of stress proteins are energy dependent processes (Mallouk et al., 1999) and probably impose costs on sturgeon exposed to the overdose of Se by influencing their energy distribution among the different physiological functions. This can partially explain why depressed growth, low energy storage, and poor swimming activity were recorded in juvenile white sturgeon fed the high Se diet (Tashjian et al., 2006; De Riu et al., 2014) Induction of Hsp70 to protect fish from Se toxicity was recently reported in yellow catfish (Pelteobagrus fulvidraco) fed an overdose of Se in the form of Na 2 SeO 3 (Hu et al., 2016) . However, there is still a paucity of studies investigating the dose response of Hsp70 to dietary Se and the exact mechanism of how Hsp70 functions in the Se-stressed fish. It is possible that Hsp70 protects the stressed organism by stabilizing denatured proteins or by shifting the response from necrosis to apoptosis to avoid mortality. Our current preliminary results are limited in providing a conclusive explanation on the protective mechanism of Hsp70 in juvenile white sturgeon. This is an issue that will warrant future investigations.
The mechanisms of Se-induced apoptosis are associated with the chemical forms of Se and have been extensively studied in human cancer therapy (Kerr et al., 1972; Sanmartín et al., 2012) . Selenium has been found to be involved with apoptosis through activation of caspase, modulation of mitochondrial functions of glutathione, and increasing reactive oxygen species levels (Misra et al., 2012; Sanmartín et al., 2012) . Although very limited information is available on Se-induced apoptosis in fish, different mechanisms have been proposed. Previous studies on isolated hepatocytes of rainbow trout suggest that both organic and inorganic forms of Se can induce apoptosis through the pathway of caspase activation (Misra and Niyogi, 2009; Misra et al., 2012) . A different mechanism in yellow catfish was proposed by Hu et al. (2016) such that an overdose of dietary Se increased cytoplasmic free-Ca 2þ , which triggered cell apoptosis in the fish. In the current study, an increase of caspase-3/7 activity in juvenile white sturgeon in response to elevated dietary Se levels demonstrates that apoptosis is one of the pathways protecting the sturgeon from Se toxicity. A tissue-based Se criterion has been recommended for the evaluation of Se toxicity for aquatic life (Hamilton, 2002) . The rationale for the application of this biomarker is that a tissue-based Se integrates the effects due to route, duration, and dose of exposure, Se form, metabolic transformations, and modifying biotic and abiotic factors (Hamilton, 2002) . Based on the previous finding by Tashjian et al. (2006) , the observed effective dietary Se for depressed growth of white sturgeon is 41.7 mg Se/kg diet, which resulted in Se accumulation in muscle up to 36.8 mg/kg after 8 weeks of feeding. This observed muscle Se level is close to the Se threshold (32.2 mg/kg) for depressed SGR estimated by the broken line model in the current study. Furthermore, with a lower Se threshold (26.6 mg Se/kg muscle) for stimulating Hsp70 production, we suggest that Hsp70 is a more sensitive biomarker than SGR for the evaluation of Se toxicity in sturgeon.
Conclusions
An overdose of dietary SeMet decreased the RNA/DNA ratio, indicating depressed protein synthesis in the juvenile white sturgeon. Furthermore, white sturgeon seems to possess some active mechanisms, including activation of apoptosis and heat shock proteins to protect them from Se toxicity. Activation of these pathways protects the fish from mortality but compromises with depressed growth rate because extra energy may be required for the protection pathways. Based on the Se concentration in the muscle tissue, the toxic threshold was estimated to be 26.6 and 32.2 mg Se/kg for the induction of stress protein production and the depressed growth rate, respectively. The response of Hsp70 in muscle is dependent on the duration of dietary Se exposure and Se accumulation levels in muscle tissue. Our findings suggest that Hsp70 response in muscle is a more sensitive biomarker than the SGR of sturgeon for evaluating Se toxicity in white sturgeon.
